Introduction {#sec1-1}
============

Motion sickness (MS) and spatial disorientation (SD) represent two outstanding challenges in aviation medicine. In both cases, the vestibular system plays a fundamental role in the genesis of these phenomena ^[@ref1]^.

One of the most common ground-based simulations utilised in aviation medicine, reproducing within a laboratory setting some of the potential effects of an in-flight vestibular illusion along with a nauseogenic environment, is the artificial sense of vertigo and tilt generated by the so-called cross-coupled stimulation of the semicircular canals from the two labyrinths, during the exposure to an on-axis yaw rotation on a standard rotatory chair ^[@ref6]^.

During these exercises, the subject tilts his/her head back or forth (pitch), or on one side (roll), while passively rotating, and this movement generates a sudden change in the direction of the rotatory acceleration acting on the cupulae, along with a variation in the direction of the gravito-inertial force acting on the otoliths. In unadapted individuals, this particular type of vestibular stimulation, if performed during a sufficiently high speed of chair rotation (i.e. ≥ 50-60°/sec), easily provokes a strong sense of vertigo with nystagmus (Ny), and if the manoeuvre is repeated several times, an evident neurovegetative response, when sweating, pallor, nausea, or even vomiting, occurs.

In aviation medicine, these effects are usually identified as Coriolis' phenomenon (CP), although the acceleration forces involved in labyrinth fluid displacement are different from those reported by Gustave Gaspar de Coriolis in the early nineteenth century ^[@ref7]^. As a matter of fact, the genuine Coriolis' acceleration *a* is that experienced by a body which linearly moves at a velocity *v* while exposed to rotation at a speed ω about an orthogonal axis with respect to the body linear movement, so that *a*=2*v*ω.

In the animal model, the ocular response to this acceleration was investigated by Maruta et al. ^[@ref8]^, who observed different vestibulo-ocular reflexes secondary to translation while rotating, depending on the direction of the acceleration with respect to the head, and to the frequency of the linear component.

Therefore, in this experimental setting, no additional rotational forces are experienced except for the rotating platform, which is not the case for the CP normally evoked in humans during SD training or MS evaluation and treatment, where pitch and/or roll head movements are also made ^[@ref5][@ref9][@ref10]^.

Although the clinical findings related to the genesis of the CP are well documented in the literature ^[@ref3][@ref5][@ref6][@ref9][@ref10]^, only a few studies tried to focus attention on the human vestibular physiology underlying such a very particular form of stimulation, during ^[@ref11][@ref12]^, or immediately after rotation (so-called Purkinje effect) ^[@ref11][@ref13]^. More in detail, some authors analysed the impact of CP on body sway, ocular movements, and subjective perception ^[@ref12]^, although they limited their analysis to the sole recording of eye movements, without examining its probable source at the vestibular end organs ^[@ref14]^. Therefore, the analysis of the peripheral genesis of ocular motion in the CP-related head movements (i.e. during passive clock- and anti-clock-wise body rotation in the yaw axis) may still require some further contribution. Such head movements induce a bilateral stimulus on the two labyrinths, in its turn producing specific eye movements, due to the strict interrelation existing between vestibular sensors stimulation and oculomotor response, and to the dominant vestibular input, as reported in Ewald's laws ^[@ref15]^. The rotatory component of the CP-induced nystagmus might be a useful contributing factor in detecting the dominant labyrinth, due to its neurophysiological links with each crista ampullaris. In many cases, such analysis could not be performed in the past with the use of electrophysiological recordings of eye movements as they are not able to report ocular rolling ^[@ref16]^.

More recently, the use of the video-oculo-scopic techniques (VOS) has significantly improved the capability of detecting those torsional components of eye movements that represent part of the final output of a stimulus involving the cupolae of the two vertical canals connected to the superior and the inferior oblique muscles, and so produce as a primary action the intorsion or the extorsion of the eyeball ^[@ref14][@ref17]^. Therefore, the VOS significantly increases the capability of analysing these details of eye movements during the execution of CP related head tilts.

Thus, the aim of this study was the VOS analysis of normal subjects during both forward and backward head tilts while undergoing an on-vertical axis rotation on a rotatory chair, identifying those semicircular canals mainly contributing to the genesis of the CP, and to the related perception.

Materials and methods {#sec1-2}
=====================

Our data were collected at the Aerospace Medicine Department of the Italian Air Force Flight Experimental Centre. The research was approved by the local Ethics Committee, and was in agreement with the Helsinki Declaration.

Our sample consisted of nine male volunteers (mean age 26 ± 4 years), forming part of the aircrew members undergoing standard aerophysiological training, according to the current NATO STANAG 3114 ^[@ref18]^. Each subject resulted normal in past medical checks, and certified as fit for flying duties at one of the Italian Air Force Institutes of Aerospace Medicine, where screening for vestibular disorders is also conducted.

All individuals were seated on a rotatory chair, wearing VOS devices with monocular recording of the right eye (Synapsys infrared videocamera, with a sample rate of 48 Hz), connected to a wireless camera battery pack, which was secured on the subject's right arm via an elastic band ([Fig. 1](#fig001){ref-type="fig"}). All subjects were asked to keep their eyes open during each test session, in order to easily record eye movements (monitored by the operator via a video-recording system). Visual fixation was inhibited by the dark visual environment generated by the VOS mask ([Fig. 1](#fig001){ref-type="fig"}). The VOS signal was then transferred to a wireless receiver, and then to a multichannel digital video recorder. All data was stored and analysed in an off-line mode by a computerised system. During the test session, eye movements could be observed on a screen connected to the VOS videocamera. A second camera (IR digital CCD videocamera) simultaneously recorded the chair and the subject's movements and was connected to the same video-recorder so that the subject's head position and movement could be easily coupled with the corresponding eye movement.

Each subject randomly underwent both a clockwise (CW) and a counter-clockwise (CCW) session of rotations at a constant speed of 70°/sec, lasting for a total of roughly 10 minutes. After rotation began, once the target speed was reached, each individual maintained an upright position for a few tens of seconds so as to obtain a complete fading of the subjective perception of rotation and of the rotation-induced eye movements (detected via the VOS recording). The individual was then asked to actively rotate his head back or forth (pitch rotation), according to a random sequence that systematically included:

1.  a pitch-up movement (i.e. backward tilt), followed by a return to the upright position;

2.  a pitch-down movement (i.e. forward tilt), with subsequent return to the upright position.

Therefore, in this experiment, only data from pitch-head movements during passive body rotation in the yaw axis were considered (i.e. no responses from roll-head movements were obtained). Each movement started exclusively after the complete fading of symptoms (sense of rotation and/or movement) and Ny evoked by the previous manoeuvre (observed via the on-line VOS recording).

Throughout each test session, the Ny evoked by each manoeuvre was recorded, along with the chair and subject's movements, and with the perception and/or symptoms reported by each individual (these were related to the perceived sense of rotation and/or tilt, along with the onset of MS related symptoms).

Due to the aim of this research, the following parameters were analysed for each subject:

1.  direction of chair rotation (i.e. CW or CCW);

2.  type of head movement performed (i.e. backward tilt, back to upright from backward tilt, forward tilt, back to upright from forward tilt);

3.  presence/absence of a Ny evoked by these manoeuvres;

4.  direction of the evoked Ny;

5.  presence/absence of a concurrent change in the subjective sense of orientation (as reported by the subject).

A calculus of the peripheral sensors (i.e. the cristae ampullarum of the semicircular canals) generating those specific eye movements was then performed. As usual, the direction of the Ny was diagnosed according to its fast phase, which means that the vestibular component was in the opposite direction (i.e. slow phase). Fast torsional components were denoted as a CW or CCW Ny, as observed by the investigator's side (i.e. not by the subject's one).

Results {#sec1-3}
=======

All subjects were able to perform the entire experimental session, consisting in the VOS recording under eight different test conditions (i.e. backward tilt, back to upright from backward tilt, forward tilt, back to upright from forward tilt; all of these repeated for both CW and CCW chair rotation), without the need to interrupt the test session due to the onset of nauseogenic vertigo. During all these test conditions, a clear oculomotor response was detected in all subjects.

In every case, the VOS showed small and irregular horizontal components of eye motion, while an evident CW or CCW Ny was also detected. No evident vertical ocular movements were detected during the majority of test sessions.

Results for CW chair rotation {#sec2-1}
-----------------------------

The backward head tilt systematically produced a torsional CW Ny, indicating a left vestibular dominance of the two vertical canals (i.e. anterior and posterior). On the contrary, during the return to the upright position, a CCW nystagmus was observed (i.e. dominance of right vertical canals). During these manoeuvres, a sense of pitch up during backward tilt and of pitch down on return to upright was usually experienced, although not in all cases (i.e. 5 of 9 individuals: 56%).

During forward head tilt, opposite VOS findings were observed in all cases (i.e. a CCW Ny indicating dominant right vertical canals), and a CW Ny at the return to the upright position (i.e. dominance of left vertical canals). Even in this case, symptoms were not uniform among individuals, with the most represented consisting of a perception of pitch down during the tilt (67% of cases), and of right roll at the return to upright (7 out of 9 individuals: 78%). These results are summarised in [Table Ia](#table001){ref-type="table"}.

Results for CCW chair rotation {#sec2-2}
------------------------------

In CCW chair rotation a constant type of oculomotor responses was observed, resulting in being of opposite direction with respect to those recorded during CW chair rotation, with a CCW Ny during backward tilt (i.e. right dominant labyrinth), a CW Ny at the return to upright (i.e. left dominant labyrinth), a CW Ny at the forward tilt (i.e. left dominant labyrinth), and a CCW Ny at the return to upright from forward tilt (i.e. right dominant labyrinth). As to the sensation during such manoeuvres, this was mainly represented by a sense of pitch up during backward tilt (56% of cases) vs a sense of pitch down at the return to upright (44% of cases). For forward tilts, in 4 subjects (44% of total sample) a sensation of pitch down was usually experienced, with a sense of rolling to the right at the return to upright. The results from CCW chair rotation are summarised in [Table Ib](#table001){ref-type="table"}.

Discussion {#sec1-4}
==========

The main finding of this study is represented by the constant and uniform type of oculomotor response observed in the entire sample, contrasting with a high interindividual variation in the sense of orientation. This is not a new finding, since a discrepancy between stimulus profile, oculomotor response and movement perception has already been reported in several publications focusing on this particular behaviour of the vestibular system, especially in the presence of complex motion ^[@ref19]^.

In our case, the total response observed from the two labyrinths during for- and/or back-ward tilt is in agreement with Ewald's third law, asserting that the ampullofugal (i.e. excitatory) endolymph flow in the vertical canals causes a greater response than the ampullopetal (i.e. inhibitory) one ^[@ref15]^, with an opposite direction of the Ny recorded during these two different stimuli. In both cases, a reverse of Ny direction was observed on return to upright, which indicates that the return movement, rather than the final position itself, mainly conditioned the vestibulo-ocular reflexes. In fact, for CW chair rotation, both a CCW and a CW Ny were observed in the same upright position, on return from backward and forward tilt respectively. Accordingly, opposite findings were detected during CCW chair rotation.

In our sample, the lateral canal contribution was not so evident, with the exception of per- and post-rotatory Ny with an upright subject at the beginning and end of each experimental session. During head tilt, this was possibly due either to a relatively mild stimulus involving the lateral canal and/or to a masking effect on the part of those eye roll movements induced by activation of the two vertical canals.

The lack of evident vertical components of eye movements is probably due to the simultaneous activation of both vertical canals from the same labyrinth (i.e. anterior and posterior). In this case, while a synergic roll movement is evoked on the eyeball from the two cupolae, a simultaneous input producing eye movements having opposite direction is generated by the same two sensors, acting on the extraocular muscles dedicated to up- and downward rotation of the eyeball (i.e. the superior and inferior rectus respectively), inhibiting each other ^[@ref14]^.

Our VOS findings are substantially identical to those observed in two subsequent studies by Takahashi et al. ^[@ref22]^ and by Watanuki et al. ^[@ref12]^, although in their case a constant subjective sensation was reported, with a sense of lateral sway that we did not observe except in a few cases (cfr. [Table I](#table001){ref-type="table"}). These data further confirm how, especially for complex and/or atypical stimulations, the cognitive response to vestibular input might result in a high intersubject variability.

Besides the absolute single subject's sensitivity to the CP, which is very variable, a careful and highly specific description of the subjective perception of such a brief illusory motion might be difficult to obtain and standardise in individuals who are not trained for this specific purpose, as in our sample. However, if past findings indicating the generation of illusory motion (or no-motion) during particular and complex vestibular stimulations are also considered ^[@ref19][@ref23]^, this might be an interesting topic for further research.

As to the vestibular side involved in the genesis of CP, our data clearly indicate that during backward head tilt the left labyrinth plays the major role for CW rotation, while the right labyrinth is dominant for CCW rotation. Opposite findings can be observed in the case of forward head tilt, with a dominant right labyrinth if a CW rotation is performed, vs the left labyrinth under CCW chair rotation. In all cases, a rebound Ny having similar parameters, but opposite direction is detected at the return to the upright position.

Due to the high prevalence of vestibular related misperception in aircrew members, as well as in other categories of individuals exposed to moving environments, both in the case of MS as in that of SD events ^[@ref6][@ref24]^, our findings might contribute to a better understanding of those sensory phenomena underlying the correct evaluation of different sensory cues, especially when particularly demanding tasks are required.

Figures and tables {#sec1-5}
==================

![Subject sitting in upright position on the rotatory chair, wearing the VOS mask and wireless camera battery pack on his right arm.](aoi-2019-05-341-g001){#fig001}

###### 

Direction of nystagmus and subjective sensation during CW (a) and CCW (b) chair rotation. The first column indicates the head movement evoking both the oculomotor response and the subjective illusion in the same row. While the oculomotor response resulted extremely constant within our sample (100% of cases), the subjective sensation varied among individuals and only the most represented one is reported (prevalence in brackets).

  a\. CW chair rotation                          
  --------------------------- ------------------ --------------------------
  Backward head tilt          CW                 Pitch up (56%)
  Upright from backward       CCW                Pitch down (56%)
  Forward head tilt           CCW                Pitch down (67%)
  Upright from forward        CW                 Right roll (78%)
  **b. CCW chair rotation**                      
                              **Ny direction**   **Subjective sensation**
  Backward head tilt          CCW                Pitch up (56%)
  Upright from backward       CW                 Pitch down (44%)
  Forward head tilt           CW                 Pitch down (44%)
  Upright from forward        CCW                Right roll (44%)
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